dehydrogenase (Phgdh; EC 1.1.1.95) is the first committed enzyme of L-serine biosynthesis in the phosphorylated pathway. To determine the physiological importance of Phgdh-dependent L-serine biosynthesis in vivo, we generated Phgdh-deficient mice using targeted gene disruption in embryonic stem cells. The absence of Phgdh led to a drastic reduction of Lserine metabolites such as phosphatidyl-L-serine and sphingolipids. Phgdh null embryos have small bodies with abnormalities in selected tissues and died after days post-coitum 13.5. Striking abnormalities were evident in the central nervous system in which the Phgdh null mutation culminated in hypoplasia of the telencephalon, diencephalon, and mesencephalon; in particular, the olfactory bulbs, ganglionic eminence, and cerebellum appeared as indistinct structures. These observations demonstrate that the Phgdh-dependent phosphorylated pathway is essential for normal embryonic development, especially for brain morphogenesis.
glycolytic intermediate, 3 -phosphoglycerate, to 3-phosphohydroxypyruvate (1, 2) , which then undergoes transamination and dephosphorylation to yield L-serine. Another potential de novo pathway, referred to as the non-phosphorylated pathway, starts with a glycolytic intermediate 2-phosphoglycerate (3) . In liver, the non-phosphorylated pathway is presumed to operate mainly in the reverse direction for gluconeogenesis (4) . Glycine also can be converted directly into L-serine by serine hydroxymethyltransferase, with N 5 ,N 10 -methylenetetrahydrofolate acting as a carbon donor (5) . The relative contribution of these pathways to L-serine biosynthesis in vivo, however, remains to be determined.
We have recently identified L-serine to be a key mediator of neurotrophic support that is derived from glial cells (6, 7) . L-Serine is released by glial cells and, in cultured neurons, is an essential component for survival, neuritogenesis, and functional voltage responses (6, 7) . Our previous histological studies demonstrated that Phgdh protein is expressed primarily by neuroepithelial stem cells/radial glia in the germinal zone of embryonic brains and later by astrocytes in mature brains; Phgdh protein, on the other hand, is not expressed by postmitotic neurons (7, 8) . Thus, it seems very likely that diminished capacity to synthesize L-serine due to lack of Phgdh expression may explain why neurons depend strongly on glial cells for their supply of L-serine (9) . This idea is supported by our finding that neurons cannot maintain synthesis of serinederived lipids without an external supply of L-serine (10) . Severe neurological consequences, such as congenital microcephaly, psychomotor retardation, and convulsions associated with human PHGDH deficiency, also highlight the significance of the phosphorylated pathway in normal brain development and function (11) .
To determine the physiological significance of L-serine biosynthesis via the phosphorylated pathway in vivo, we generated a line of Phgdh-deficient mice by deleting exons 4 and 5 of Phgdh gene. Heterozygous Phgdh (Phgdh ϩ/Ϫ ) mice appeared normal, even though they displayed decreased levels of L-serine in the brain. Homozygous Phgdh (Phgdh Ϫ/Ϫ ) mice, however, exhibited early embryonic lethality associated with multiple developmental defects. The present study provides the first genetic evidence that Phgdh, which catalyzes the first commit-ted step in the phosphorylated pathway, is an essential enzyme in mouse embryogenesis.
EXPERIMENTAL PROCEDURES

Generation of Phgdh
Ϫ/Ϫ Mice-The murine Phgdh gene localizes to chromosome 3 and is encoded by a single gene with 12 exons. The structural characterization of the gene will be reported elsewhere.
2 A 7.5-kb EcoRI restriction DNA fragment representing intron 1 to exon 5 and a 13.3-kb HindIII fragment representing intron 3 to intron 9 of the mouse Phgdh gene isolated from a 129/SvJ BAC library were subcloned into pBluescript KS ϩ (Stratagene). The 1.7-kb neomycin resistance gene (neo wt ) controlled by the mouse phosphoglycerate kinase gene promoter and flanked by two loxP sites in the pZ(loxP-pGKNeo wt )A vector (a kind gift from Prof. J. Takeda) was inserted at the SacI site in intron 3 (Fig. 1A) . To facilitate the deletion of exons 4 and 5, a third loxP site and a NheI site were introduced at the SphI site in intron 5 by inserting annealed oligonucleotides (5Ј-CTAGCATAACTTCGTATAAT-GTATGCTATACGAAGTTATGCA-3Ј and 5Ј-CATAACTTCGTATAG-CATAGATTATACGAAGTTATGCTAGCATG-3Ј). A 5.3-kb PstI/EcoRV fragment of intron 3 containing neo wt flanked by two loxP sites (5Ј arm) and a 5.1-kb EcoRV/NsiI fragment representing intron 3, exon 4, intron 4, exon 5, and intron 5 containing a loxP site (3Ј arm) were inserted in pBS/MC1DTpA, a vector employed for negative selection using a diphtheria toxin A fragment (DT-A) gene (a kind gift from Prof. J. Takeda) (12) . The targeting vector was electroporated into E14 embryonic stem (ES) cells. G418-resistant colonies were screened by Southern blot hybridization of NheI-digested genomic DNA with a digoxigenin-labeled 5Ј probe (485 bp) derived from the genomic sequence upstream of the targeting vector (Fig. 1A) . Chimeric males harboring heterozygous ES cells carrying the targeted homologous recombination at the Phgdh locus were crossed with C57BL/6J females to obtain germ line transmission of the targeted Phgdh allele (Phgdh ϩ/neo ). To produce both Phgdh ϩ/Ϫ heterozygous and Phgdh Ϫ/Ϫ homozygous offspring, we carried out Cre-mediated deletion of targeted alleles in the germ line by crossing Phgdh ϩ/neo heterozygous F1 mice with EIIa Cre deleter mice (a kind gift from Prof. J. Takeda); the adenovirus EIIa promoter drives Cre expression in oocytes and early embryos (13) . The F2 offspring showed a variable degree of mosaicism for partially Cre-recombined floxed Phgdh alleles in various tissues (data not shown). We efficiently obtained F3 mice that bearing a completely excised Phgdh allele (Phgdh ϩ/Ϫ ) by crossing Cre-expressing female mosaic mice with wildtype males, as reported previously (14) . Mice with homozygous mutant Phgdh alleles (Phgdh Ϫ/Ϫ ) were obtained by intercrossing heterozygous mice (Phgdh ϩ/Ϫ ). We genotyped mice bearing heterozygous and homozygous mutant alleles (Phgdh ϩ/Ϫ and Phgdh Ϫ/Ϫ ) by PCR (data not shown) and Southern blot hybridization (Fig. 1, A and B) .
Biochemical Analysis-Whole heads from embryos at days post-coitum (d.p.c.) 13.5 generated by intercrossing heterozygotes (Phgdh ϩ/Ϫ ) were homogenized individually in 2 volumes of buffer containing 20 mM Tris-HCl (pH 8.0), 5 mM EDTA, 0.3 M sucrose, and a protease inhibitor mixture. Cytosolic fractions were obtained by centrifugation at 15,000 rpm for 50 min. Protein samples (20 g) were fractionated by 12.5% SDS-polyacrylamide gel electrophoresis and electroblotted onto polyvinylidene difluoride membranes. Blotted proteins were probed with antiPhgdh (rabbit) antibody (7, 8) and monoclonal anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (mouse monoclonal, Chemicon) antibody and were visualized with peroxidase-conjugated secondary antibodies using 3,3Ј-diaminobenzidine as a substrate. Lipids were extracted via the Bligh-Dyer method (15) from freeze-dried whole heads of the d.p.c. 13.5 embryos generated as above. The aminophospholipids phosphatidyl-L-serine (PS) and phosphatidylethanolamine (PE) were visualized with ninhydrin (10). The ganglioside GD3 was immunostained on TLC (16) with a mouse monoclonal anti-GD3 antibody (R24).
Brains and livers obtained from neonates at postnatal day 0, generated by intercrossing heterozygous mice (Phgdh ϩ/Ϫ ) were homogenized individually in 5 volumes of water and centrifuged at 15,000 rpm for 50 min at 4°C. Proteins in the supernatant were removed according to a previously reported procedure (6) , and the amino acid composition of the supernatants was determined with a L-8500 amino acid analyzer (Hitachi).
Histology-Timed matings between heterozygotes were performed and detection of vaginal plugs in the morning was defined as d.p.c. 0.5. Embryos were culled and dissected at d.p.c. 13.5, fixed overnight in Bouin's fixative, embedded in paraffin wax, then sectioned. Sections (2 m) were stained with hematoxylin and eosin. For immunohistochemistry, sections were de-paraffinized and primary antibodies against Phgdh (rabbit), glutamate transporter GLAST (guinea pig), class III ␤-tubulin (TuJ1, mouse monoclonal, Babco), and proliferating cell nuclear antigen (PCNA) (PC10, mouse monoclonal, Chemicon) were used. Immunoreactivity was visualized with the appropriate species-specific antibodies conjugated to either Alexa Fluor 488 or Alexa Fluor 568 (Molecular Probes). In the case of PCNA detection, goat anti-mouse IgG polyclonal antibodies conjugated to peroxidase was used.
RESULTS AND DISCUSSION
Targeted Disruption of Murine Phgdh Gene Results in Embryonic Lethality-To facilitate inactivation of the murine
Phgdh gene, we constructed a targeting vector in which exons 4 and 5 were flanked by two loxP sites (Fig. 1A) . This strategy allowed us to inactivate the Phgdh gene completely because the Cre recombinase-mediated deletion of exons 4 and 5 produces a frameshift mutation. The resulting truncated Phgdh protein contains only the 118 N-terminal amino acids encoded by exons 1-3 and lacks both the NADϩ binding and substrate binding domains (17) . We introduced the targeting vector into E14 ES cells and identified two positive clones that contained the correctly integrated targeted allele (Phgdh neo ) (data not shown). Chimeric mice harboring the targeted ES cell clone R31 successfully transmitted the targeted allele to the germ line ( 
Targeted Phgdh Gene Disruption in Mice
The heterozygous mutant mice (Phgdh ϩ/Ϫ ) appeared to be viable and fertile without obvious developmental abnormalities. Crosses between Phgdh ϩ/Ϫ mice failed to produce viable Phgdh Ϫ/Ϫ mice (Fig. 1C) . The absence of any Phgdh Ϫ/Ϫ pups demonstrates that homozygous Phgdh Ϫ/Ϫ deficiency results in an embryonic lethal phenotype. To determine at which developmental stage during gestation lethality appeared in Phgdh Ϫ/Ϫ embryos, timed pregnancies of Phgdh ϩ/Ϫ matings were examined at d.p.c. 9.5 and 13.5. Genotyping of embryos produced the expected Mendelian heritance (24.2% wild type, 50% heterozygotes, 25.8% homozygotes) (Fig. 1C) . However, the onset of degeneration and the remains of resorbed embryos were frequently seen after d.p.c. 13.5, indicating that the homozygous Phgdh Ϫ/Ϫ embryos died after d.p.c. 13.5. embryos, demonstrating that these mutant mice were Phgdh null. (Fig. 2A) . Phgdh protein levels in heterozygous mice (Phgdh ϩ/Ϫ ) decreased by ϳ50%. The levels of GAPDH, a cytosolic enzyme involved in glycolysis, remained unaffected in all three genotypes.
Phgdh Expression in Mutant Embryos
To examine the consequences of the absence of Phgdh protein in vivo, we performed two sets of experiments. In the first experiment, we analyzed PS and sphingolipids, both of which are actively synthesized in developing neural cells from the required precursor free L-serine (10) . Lipids were extracted from whole heads of d.p.c. 13.5 embryos and subjected to TLC analysis. Among the various sphingolipid species, we examined GD3 ganglioside because it is reported to be the major lipid found in the rodent brain during development (18) . As expected, greatly reduced levels of PS and GD3 ganglioside were observed in Phgdh Ϫ/Ϫ embryos compared with those in Phgdh ϩ/ϩ embryos (Fig. 2B) . PE, which can be synthesized from PS in the developing brain (19) , also decreased significantly in the Phgdh Ϫ/Ϫ embryos. These data indicate that mice with the homozygous Phgdh Ϫ/Ϫ allele have reduced capacity to synthesize L-serine. We then measured levels of free L-serine in brain and liver of wild type and heterozygote (Phgdh ϩ/Ϫ ) neonates at postnatal day 0. As shown in Fig. 2C , brains of the heterozygotes had a significantly decreased level of free Lserine (0.46 nmol/mg of tissue) compared with the brains of the wild-type neonates (0.59 nmol/mg of tissue). In contrast, there were no changes in free L-serine levels in the livers of either genotype (1.07 nmol/mg of tissue for Phgdh ϩ/Ϫ , 1.08 nmole/mg tissue for Phgdh ϩ/ϩ ). These analyses demonstrate that the Phgdh-dependent pathway plays a chief role in L-serine biosynthesis, at least during brain development.
Phenotypes of Phgdh Ϫ/Ϫ Embryos-The effects of abolishing Phgdh expression were evident at d.p.c. 9.5. Phgdh null embryos were markedly smaller than their Phgdh ϩ/ϩ and Phgdh ϩ/Ϫ littermates (Fig. 3, A and B) . Despite their reduced size, the null embryos appeared to have differentiating organs, such as brain and somites, and had completed axial rotation by d.p.c. 9.5, suggesting that the Phgdh null mutation does not affect the establishment of the basic body plan during early embryogenesis. At d.p.c. 13.5, the Phgdh null embryos were, in comparison with wild-type littermates, poorly developed, having smaller bodies with apparent brain and limb bud abnormalities. Unlike wild-type littermates, programmed cell death in the interdigital regions of limb buds of the null embryos, which normally begins at d.p.c. 12 (20) , appeared to be suppressed (or delayed), and consequently the separation of digits was not obvious at this stage (data not shown). Besides null embryos having smaller brains, they also could be classified into two major types, according to the kind of brain abnormality present. Type I embryos exhibited mild exencephalic phenotypes and had dorsal closure failure (Fig. 3, C and E) ; Type II embryos had no sign of exencephaly but had swollen lateral ventricles and hypoplasia of the telencephalon, diencephalon, and mesencephalon, most prominently accompanied by the absence of the olfactory bulb, ganglionic eminence, and cerebellum (Fig. 3, D and F) . Type I embryos also lacked these structures in the brain. The ratio of Type I to Type II embryos was approximately equal at d.p.c. 13.5.
Immunohistochemical examinations of whole embryos also showed that Phgdh expression was completely eliminated in the brains of Phgdh null embryos at d.p.c. 13.5 (Fig. 4, A-C) . Immunostaining for the glutamate transporter GLAST, a neuroepithelial stem cell/radial glia-specific marker (21), demonstrated that these cells localized to the ventricular zone (VZ) of various brain regions of the Phgdh null embryos, as in the wild-type littermates, but the overall size and thickness of the VZ in the Phgdh null embryos were significantly reduced at this stage (data not shown). There were also fewer newly generated post-mitotic neurons immunoreactive for class III ␤-tubulin (22) GLAST and class III ␤-tubulin clearly demonstrated reductions in the mass of both neuroepithelial stem cell/radial glial and neuronal populations located in the VZ and primordial plexiform layer (PPL), respectively (Fig. 4, D and E) . We then examined mitotically active cells in the VZ by immunolabeling for PCNA, an essential component of the eukaryotic chromosomal DNA replisome expressed in proliferating cells of the developing brain and other tissues (23) . As shown in Fig. 4 , F-J, there were greatly reduced numbers of PCNA-positive cells in the VZ of the null embryos.
The present study demonstrates for the first time that complete loss of Phgdh leads to embryonic lethality accompanied by overall developmental retardation and striking defects of the brain. Although there are other potential sources of L-serine (i.e. the non-phosphorylated pathway, the condensation of glycine and N 5 ,N 10 -methylenetetrahydrofolate by means of serine hydroxymethyltransferase, protein degradation, and maternal supply via blood circulation), our data definitely establish that the Phgdh-dependent phosphorylated pathway of L-serine biosynthesis is essential for embryonic development. In Phgdh null embryos, morphogenesis of the brain is probably the most critically disrupted developmental process. The results of our histological examinations strongly suggest that diminished brain size in Phgdh null embryos is due to a decrease in proliferation of neuroepithelial stem cells/radial glia in the VZ (Fig. 4) . Importantly, null embryos had greatly reduced levels of PS and sphingolipids (Fig. 2B) . These lipids are essential for cellular proliferation (24) . The metabolic role of L-serine as a major source of one-carbon units for de novo synthesis of purine nucleotides and the pyrimidine nucleotide deoxythymidine monophosphate also supports this possibility (25) . Finally, the microcephaly evident in the Phgdh null embryos (Figs. 3 and 4) has also been reported to be a major symptom of patients with human Phgdh deficiency (11) . Thus, our mutant mice may serve as a useful animal model for studying how diminished L-serine levels impair development and function of the central nervous system. It will also be intriguing to examine to what extent L-serine is necessary for brain morphogenesis during development and for the maturation of neuronal circuits using brain-specific knockouts of the Phgdh gene.
